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ABSTRACT 
 
Anisotropy in spin space originates from the combined effects of orbital occupation and spin-orbit 
coupling.  The highly frustrated and disordered pseudobrookite Fe2TiO5, demonstrates purely 
Ising-like spin glass freezing at 𝑇𝑓 = 55K, despite its effective spins having no orbital component.  
Using neutron scattering, we find on cooling towards 𝑇𝑓, the growth of a surfboard-shaped region 
of antiferromagnetically-correlated spins aligned perpendicular to the Ising axis. This result 
strongly suggests that the transverse fluctuations of these regions are the “quasi-spin” degrees of 
freedom that freeze. Thus, the Ising anisotropy in Fe2TiO5 is an emergent property, driven by 
interactions among atomic spins. 
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The origin of anisotropy in magnetic materials has taken on increased fundamental 
importance with Kitaev’s prediction of quantum spin liquid behavior for systems with anisotropic 
interactions on a honeycomb lattice [1].  For applications, single-ion anisotropy of rare-earth 
elements is a key ingredient for producing large energy products in permanent magnets [2].  Both 
single-ion and interaction anisotropies for the total spin derive from the lattice’s effect on orbital 
states, coupled with the spin orbit interaction. The dipole-dipole (DD) energy, while usually 
smaller than exchange interactions, can also convert spatial configuration into anisotropic spin 
response [3]. Here we focus on the origin of Ising-type spin response.  Ising anisotropy usually 
exists independent of the spin-spin interaction, i.e. the spins have a preferred easy axis above the 
temperature where long range order (LRO) is established. By contrast, an s-state ion of a half-
filled shell is completely isotropic since it’s wavefunction has no orbital character, though second 
order effects due to virtual interactions with non-half-filled ions exist [4].  Such s-state systems 
can nevertheless adopt a spin-anisotropic ordered structure due to the DD interaction. For example, 
the d5 spins in the three-dimensional (3D) Heisenberg antiferromagnet MnF2 undergo long range 
order at 𝑇𝑁= 67K below which the spins point parallel or antiparallel to the c-axis, despite being 
isotropic above 𝑇𝑁 [5]. This anisotropy arises from the symmetry-breaking effect of the DD 
coupling, which is ~1kB and thus much smaller than the mean field energy [4]. Theoretically, Ising 
degrees of freedom can emerge as a result of Villain’s order-by-disorder in models of 
geometrically frustrated Heisenberg magnets [6], which has been discussed as an example of a 
more general phenomenon of “vestigial” order [7]. 
The above considerations also apply to spin glass (SG) where anisotropy is usually 
considered to be single-ion-like. Thus, for a SG involving an s-state ion such as Fe3+, one expects 
no anisotropy. It came as a surprise, therefore, when Fe2TiO5 was found to exhibit highly 
anisotropic response both below and above its SG freezing temperature 𝑇𝑓  = 55K [8].  This 
compound crystallizes in the orthorhombic pseudobrookite structure with random mixing among 
Fe3+ and Ti4+ ions, similar to that of an inverse spinel (Fig. 1). Most strikingly, the sharp cusp in 
the linear c-axis susceptibility, 𝜒1
𝑐, seen at 𝑇𝑓 is not reflected in 𝜒1
𝑎and 𝜒1
𝑏.  Two distinct puzzles 
are embedded in these results.  First, it is known that Fe goes into this structure as Fe3+ which, like 
Mn2+ in MnF2, is an s-state 3d
5 ion and should possess negligible 𝜒-anisotropy above 𝑇𝑓. The 
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second puzzle is the absence of a freezing anomaly in 𝜒1
𝑎 and 𝜒1
𝑏 at 𝑇𝑓.  Given the isotropy of the 
Fe3+ ion, it is difficult to imagine no communication of spin freezing into the a- and b-directions 
in a mean field description.  Attempts to understand this phenomenon in Fe2TiO5 rested on a model 
in which anisotropy is introduced ad hoc, not derived from a microscopic interaction [9, 10].  Here 
we re-visit this problem in high-quality Fe2TiO5 crystals using x-ray diffraction, electron energy 
loss spectroscopy (EELS), linear (𝜒1) and non-linear susceptibility (𝜒3), and neutron diffraction.  
We find that the s = 5/2 spins are highly frustrated with 𝑓 = 𝜃𝑊/𝑇𝑓 ≅ 18 [11], where 𝜃𝑊 is the 
Weiss constant. We also observe the growth of a surfboard-shaped, antiferromagnetically  
correlated region (10 × 0.5 × 1.5  in a, b, c, unit cells) on cooling toward 𝑇𝑓 .  The neutron 
scattering data also indicate that the spins within the surfboard align along the a-axis.  We propose 
a model in which the degrees of freedom undergoing SG freezing are actually the transverse 
fluctuations of the ordered surfboard spins.  These fluctuations thus represent a type of quasi-spin 
[12] that emerges due to interactions in an otherwise spin-isotropic material and provides a new 
paradigm for realizing spin anisotropy in magnets. 
 The single crystal samples of Fe2TiO5 used for this study were grown by J.P. Remeika.  
The crystal structure was confirmed to be in agreement with the known space group Cmcm for 
A2BO5 by single crystal X-ray diffraction. Structure refinement shows that the A site contains 0.64 
Fe and 0.36 Ti while the B site contains 0.72 Fe and 0.38 Ti. Thus the Fe-Ti mixing on both sites 
is close to the stoichiometric ratio and characteristic of an inverse structure. A crystallographic 
information file (CIF) has been deposited with Inorganic Crystallographic Structure Database 
(ICSD), with the number CSD-1914787. 
To confirm that the Fe ions are in the isotropic Fe3+ state, we did electron energy loss 
spectroscopy (EELS – see supplemental material). We find both L3 and L2 spectra that are fully 
consistent with only Fe3+. Magnetization measurements were performed in two different Magnetic 
Property Measurement Systems (MPMSs).  For 𝜒1(𝑇) and 𝜒3(𝑇) for T < 100K, a conventional 
sample holder was used. For measurements over the range 10-900K, the sample was mounted on 
a rod designed for high-temperature studies and attached with Zircar cement.  Measurements of 
𝜒3(𝑇) were made by measuring magnetization (𝑀) as a function of magnetic field (𝐻) at fixed T.  
The 𝑀(𝐻)  data were fit to a sum of polynomials (𝜒0 +  𝜒1𝐻 +  𝜒3𝐻
3 ).  Neutron scattering 
measurements were performed on the Corelli instrument [13] at the Spallation Neutron Source at 
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Oak Ridge National Laboratory from 5K – 300K. Corelli employs a broad band of incident neutron 
energies to perform time-of-flight Laue diffraction measurements and simultaneously provides 
both the energy integrated signal, e.g. the equal-time two-particle correlation function, as well as 
the purely elastic signal, through implementing cross-correlation with a pseudorandom chopper 
[14]. Measured raw neutron data were transformed and put into uniform sized bins in momentum 
transfer space (h,k,l) using the Mantid software package [15, 16]. 
 The inverse susceptibility from 5K to 900K is shown in Fig. 1.  We find an effective 
moment (𝜇eff) for 𝐻||𝑐 and 𝐻 ⊥ 𝑐 to be 6.07𝜇𝐵 and 6.18𝜇𝐵 respectively, in reasonable agreement 
with an s-state moment of s = 5/2 (𝜇eff =5.92𝜇𝐵) and a g-factor of 2.06.  The antiferromagnetic 
(AF) 𝜃𝑊 value is found to be 893K and 948K for 𝐻||𝑐 and 𝐻 ⊥ 𝑐.  Since the Fe
3+ occupation is 
2/3 of all A and B sites, these 𝜃𝑊 values represent 2/3 that of the structure fully occupied with 
Fe3+, which is not attainable. The Fe-Fe nearest neighbor coordination number for this structure is 
10, thus implying an exchange constant of approximately 77K.  In Fig. 2 are shown 𝜒1(𝑇) and 
𝜒3(𝑇) near 𝑇𝑓.  The behavior of 𝜒1(𝑇) is similar to that previously reported, exhibiting SG freezing 
below 55K for H along the c-axis, with no anomaly in the other two directions.  This conclusion 
is supported by measurements of  𝜒3(𝑇) for H || c, also shown in Fig. 2, where a peak is seen at 𝑇𝑓 
≈ 55K.  While there is only a weak decrease in 𝜒3(𝑇) below 𝑇𝑓, the high temperature behavior 
obeys the form 𝜒3(𝑇) = 𝑡
−𝛾, where 𝑡 = |𝑇 − 𝑇𝑓|/𝑇𝑓 and the critical exponent 𝛾 = 2.72 ± 0.09.  
This value of 𝛾 is larger than for canonical SGs, which usually exhibit  𝛾 ≈ 2.1 − 2.3 [17].  We 
will address this apparent discrepancy below, within the context of the neutron scattering results.  
Clearly, though, 𝜒3(𝑇) provides strong evidence for the development of a SG order parameter, as 
previously proposed for Fe2TiO5.   
 In order to understand the development of correlations and anisotropy we performed 
neutron scattering measurements.  The upper panels of figures 3(a) and 3(b) show the elastic 
neutron scattering intensity measured at T = 5 K in the [h, k, 0] and [0.5, k, l] planes, respectively. 
Here we use relative reciprocal lattice units for the wavevector transfer Q = (h*2π/a, k*2π/b, 
l*2π/c), with lattice constants a = 3.732 Å, b = 9.8125Å, and c = 10.0744Å. Streaks of scattering 
along the k-direction are seen both in the [h, k, 0] plane at half-integer values of h, as well as in the 
[0.5, k, l] plane at integer values of l. The presence of these streaks, well within the SG state, 
indicates that the correlation length (𝜁𝑏) along the b-axis remains short, limited to one or two 
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nearest neighbors, while 𝜁𝑎 and 𝜁𝑐 both have grown to a value at least an order of magnitude larger 
than 𝜁𝑏.  While the pseudobrookite structure gives rise to a rather complex spin lattice, along the 
x-direction nearest spins are simply separated by a lattice unit a. The occurrence of narrow peaks 
along the h-direction at half-integer values of h therefore immediately reveals the presence of 
strong AF correlations between neighboring spins along the a-axis. Furthermore, cuts through 
these diffuse streaks of scattering along the h- or l-direction are well represented by resolution 
broadened Lorentzian line shapes, from which we extract correlation lengths of 𝜁𝑎 = 42 Å and 𝜁𝑐 
= 12 Å at T = 5 K. Cuts along the k-direction (see Fig. 3c) however are very broad, do not peak at 
integer or half integer lattice positions, and are poorly represented by Lorentzian profiles. This 
clearly indicates that along the b-axis the correlations are limited to a few nearest spins only. 
These observations allow us to develop a model of the spin arrangement as follows. First, 
we assume that both A and B sites are fully occupied by Fe3+ spins. We find that the k-dependence 
is well reproduced when correlations along the b-axis are limited to nearest neighbors within the 
same a-c plane in the form of corrugated double chains, as indicated in Fig. 4a. Including 
correlations extending further along the b-axis to spins in different a-c planes, e.g. spins in the x = 
0 and x = 1/2 planes, immediately leads to much sharper peaks than observed, showing that the 
development of spin correlations along the b-direction is strongly suppressed. A likely scenario is 
the complete suppression of the exchange fields from spins in the x = 0 and x = 1 planes seen by 
a spin in the x = 0.5 plane due to AF alignment along the a-axis and the centering of the Cmcm 
space group (see Fig. 4a). The direction of spin alignment can be inferred by observing that in the 
[h, k, 0]-plane (Fig. 3a), the neutron scattering intensity vanishes along the a* direction, e.g. for 
wavevectors Q = (h, 0, 0). This indicates that the spins point along the a-direction, since only the 
spin component perpendicular to the wavevector contribute to the magnetic neutron scattering 
cross section [18]. In contrast, if the spins were pointing in the b direction, the intensity would be 
maximized along Q = (h, 0, 0) but strongly suppressed along Q = (0.5, k, 0), which is clearly not 
the case (see Figs. 3a and 3b, respectively). Based on this model, we calculate the neutron 
scattering intensity according to: 
𝜕𝜎
𝜕Ω
 ~ ∑(𝛿𝛼𝛽 − ?̂?𝛼?̂?𝛽)
𝛼,𝛽
𝑓(𝑄)2 ∑〈𝑠𝑖 ∙ 𝑠𝑗〉 𝑒
−𝑖?⃗⃗?∙(?⃗⃗?𝑗−?⃗⃗?𝑖)
𝑖,𝑗
𝑖≠𝑗
,                  (1) 
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where ?⃗⃗? denotes the wavevector, f(Q) the magnetic form factor for Fe3+, 𝛼, 𝛽 = 𝑥, 𝑦, 𝑧, and 𝑠𝑖 the 
spin at position 𝑅⃗⃗⃗⃗ 𝑗. Here, we approximate the decay of the spin correlations along the a and c 
direction in the Ornstein-Zernike form utilizing the correlation lengths 𝜁𝑎and 𝜁𝑐 obtained from the 
Lorentzian fits to the data [19]: 
 
〈𝑠𝑖 ∙ 𝑠𝑗〉 = 𝑠𝑖 ∙ 𝑠𝑗  
𝑒
−(
|𝑥𝑗−𝑥𝑖|
𝜁𝑎
+
|𝑧𝑗−𝑧𝑖|
𝜁𝑐
)
|?⃗?𝑗 − ?⃗?𝑖|
                   (2) 
The simulated neutron intensity is then obtained by summing Eq. (1) over a box that is much larger 
than 𝜁𝑎and 𝜁𝑐 along a and c, respectively, but very narrow along the b-direction, spanning only 
half a unit cell (e.g. only one double chain along the b-direction) as required in order to reproduce 
the k-dependence of the observed neutron scattering intensity. The simulated neutron intensity so 
obtained is in overall good qualitative agreement with the observation (see lower panels of Fig. 3a 
and Fig 3b). We then repeat the calculation with a random distribution of 33% of each site with 
spin si = 0, close to the distribution of (Fe,Ti) in Fe2TiO5. The resulting simulated intensity (lower 
right panels of Fig. 3a and Fig. 3b) is again in good qualitative agreement with the observation, 
and qualitatively not different from the results in which all sites are fully occupied with Fe3+ spins.  
Figure 4 (c) shows the temperature dependence of both the elastic and the energy-integrated 
(total) scattering intensity integrated over one of the broad peaks along k at Q = (0.5, 3.3-5.2, 0). 
At high temperature, the total scattering is much stronger than the elastic signal, reflecting the 
presence of fluctuating spin-correlations and an elastic signal only present because of the 
quasielastic nature of the fluctuations. Upon cooling, the elastic signal increases faster than the 
total signal, with a marked sharp increase below 100K and an inflection point near Tf, signaling 
the onset of spin freezing.  However, the elastic signal remains weaker than the total signal down 
to 5K, indicating that spin fluctuations are still present at base temperature. The correlation lengths 
along the a- and c-directions further show the rapid growth of spin correlations along the a-axis 
upon cooling whereas along the c-axis, substantial correlations only become apparent below 150K, 
see Fig 4 (b).  
We now present a physical picture that summarizes the above results. Given that the Fe 
spins are highly frustrated, long range order in the a-c bilayers is suppressed additionally by 
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fluctuations associated with two-dimensionality as well as the proximity of the Fe concentration 
to the percolation threshold for 2D lattices. Although LRO is suppressed, a significant fraction of 
the Fe spins become ordered within surfboard-shaped regions (𝜁𝑎 ≈ 3𝜁𝑐 ≈ 9𝜁𝑏) on reducing T 
from 300K down to 150K (region II in Fig. 1).  In this temperature range, 150-300K, while 
correlations are still developing, the spin response remains isotropic.  Below 150K, however, 
𝜒1(𝑇) becomes anisotropic, with 𝜒1
𝑐 > 𝜒1
𝑎,𝑏
, consistent with the intra-surfboard spins aligning 
along a. Clearly, such anisotropy is not single-ion type since Fe3+ is in an s-state. Similarly, an 
origin in exchange interactions is unlikely since no anisotropy is seen above ~200K. Instead, the 
simultaneous appearance of anisotropy in 𝜒(𝑇) along with a well-defined region of correlated 
spins, suggests that the correlated regions themselves might be spin-anisotropic.  
  The above considerations motivate the question of how can anisotropy in spin space arise 
from a collection of spins that are individually isotropic?  Here, MnF2 provides a useful analogy.  
If one considers the c, or “longitudinal” direction in MnF2 as analogous to the a-direction in 
Fe2TiO5 then the correlated regions in the latter are nano-scale versions of a Heisenberg 
antiferromagnet with the spins aligned either parallel or antiparallel to a. As seen in MnF2, the 
longitudinal susceptibility vanishes as T decreases below 𝑇𝑁[5]. A nano-scale version of such a 
magnet would thus mimic the behavior of an XY spin, where the easy plane is transverse to the 
longitudinal axis.  If the correlated regions in Fe2TiO5, are indeed such nano-magnets, then the 
resulting XY “quasi-spin” would interact only with other quasi-spins in the c-direction since 
neighbors in the b-direction are decoupled, as discussed above.  Given the lack of LRO in Fe2TiO5, 
and the expected random coordination among such regions, it is not surprising that SG order ensues 
among quasi-spins. The SG freezing has an Ising-like response since the quasi-spins themselves 
can only fluctuate along the c-axis. Since the b-axis response is that of a correlated region for 
which there is no obvious sum rule, the above doubts about mean field theory’s ability to produce 
a response only in one direction are not valid. Thus we seem to have an unusual situation, one 
where interactions among isotropic atomic spins give rise to a highly anisotropic degree of freedom 
which itself is formed by interactions.  Such a situation is different from cluster glass which, while 
also defined by nano-scale regions, does not exhibit the characteristic anisotropy seen Fe2TiO5 
[20]. The growth of such regions can also explain qualitatively the unusually large 𝜒3
𝑐  critical 
exponent since the moment of the quasi-spin itself is still developing in the critical region, unlike 
regular SG where the atomic moment has a fixed magnitude.               
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The above scenario explains qualitatively how a SG response in only one direction might 
arise. Theoretical work is needed, however, to quantitatively model such behavior, a type of 
“surfboard mean field theory” in analogy to chain mean field theory [21-23] used to describe quasi-
1D systems.  A remaining puzzle that such theory would need to address is the large and 
paramagnetic behavior of 𝜒1
𝑎  and  𝜒1
𝑏 , which do not decrease with the development of the  
correlated regions. A possible explanation might come from a two-population model. Given the 
sparseness of the lattice created by Fe spins, it is reasonable that a large fraction of spins is not 
intimately involved in the correlations but exist in the “cloud” between such regions.  When the 
quasi-spins undergo c-axis freezing, then neighboring cloud spins will experience a local mean 
field, clearly possessing only a c-component. Since the susceptibility tensor of a paramagnetic 
medium is Hermitian, in the absence of global time reversal symmetry breaking, the quasi-spin 
freezing will not produce a cloud spin response in directions transverse to the c-axis. Similarly, 
the off-diagonal response of an antiferromagnet will not betray critical behavior.    
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Figures: 
 
 
 
 
 
 
Fig. 1.  Inverse susceptibility of Fe2TiO5 for H perpendicular and parallel to the c-axis.  Inset: structure of 
Fe2TiO5 showing the Fe/Ti sites (blue balls) and oxygen (red balls). 
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Fig. 2  Top: Linear susceptibility (𝜒1) in the c and a, b directions, for cooling in zero field 
(ZFC) and cooling in a field (FC), of H = 0.1T. Bottom: Non-linear susceptibility (𝜒3) for 
the a, b, and c directions showing a peak at the freezing temperature, 𝑇𝑓, in the c-direction.  
The inset shows the power law behavior critical behavior above 𝑇𝑓 and the straight line 
corresponds to 𝛾 = 2.72, as discussed in the text. 
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Fig. 3   Elastic neutron scattering intensity in the (a) [h,k,0] and  (b) [0.5, k, l] planes at T=5K. The upper 
panels show the measured intensities with Bragg peaks visible in (a). The lower left panels show the 
intensities for the simulations as described in the text for the structure with both A and B sites fully 
occupied by Fe3+ spins (left panels) and for a random occupation of 1/3 of the positions with s = 0 (lower 
right panels) (c) Neutron scattering intensity along the k-direction for Q = (0.5, k, 1) showing the purely 
elastic (red dots) as well as total scattering (blue squares) at T = 6K and the much weaker total scattering 
at 300K. The green solid line is the calculated intensity as described in the text. 
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Fig. 4 (a) Illustration of the low temperature spin order in Fe2TiO5. Only the Fe/Ti positions are shown, 
assuming that all positions are fully occupied with Fe spins with blue (red) spheres denoting the up 
(down) positions along the a-direction. The spheres at right are half-colored denoting the lack of LRO. 
The spins are AF-aligned within the triplets indicated with light dashed lines, forming corrugated double 
chains (in planes at integer x positions). Along the b-direction, the next such double chain is centered at 
half-integer x-positions, and since the spins are AF-aligned along the a-axis, each spin at the half-integer 
positions sees a net zero mean field. (b) Correlation lengths in the a and c directions vs. temperature. The 
lines are to guide the eye. Inset: Schematic depiction of the ordered spins in surfboard-shaped regions and 
the cloud spins between the regions. (c) Temperature dependence of total (blue) and elastic (red) neutron 
scattering intensity over the wavevector range Q=(0.5±0.1, 4.25±0.95,0±0.1). The lines are to guide the 
eye.  
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Supplemental Material: Emergent Quasi-Spin Anisotropy in Highly Frustrated Pseudobrookite 
Fe2TiO5 
 
The Fe valence was investigated by electron energy loss spectroscopy (EELS) in a cold 
cathode field emission JEOL JEM-ARM200cF transmission electron microscope using a GIF 
QuatumSE system.  The Fe L2,3 core loss spectra were taken from freshly crushed crystal pieces 
in the diffraction mode. Each spectrum was collected with an acquisition time of 2s at an energy 
dispersion of 0.1 ev/channel. The final spectrum, shown in Fig. S1, is a sum of five spectra, 
which have been aligned, plural scattering removed, and background subtracted. 
It has been shown that the Fe valence and coordination can be determined by the 
characteristic energy loss near edge structure (ELNES) [1,2]. The Fe core loss probes the 3d 
empty states, showing L3 (transitions from 2p3/2 to empty 3d orbital) and L2 (transitions from 
2p1/2 to empty 3d orbital). Although Fe2+ can be distinguished from Fe3+ from the onset energy 
of L3 peak, it is more accurate and convenient to distinguish L2,3 ELNES since the experimental 
conditions affect the precise peak position. It has been clearly revealed in the previous report that 
ferrous Fe2+ has a small peak on the higher energy side of the L3 major peak, while it is just the 
opposite that ferric Fe3+ has a small peak on the lower energy side of the L3 peak. In addition, the 
L2 peak ELNES is different as well. For Fe
2+ ELNES, the first peak (lower energy side) is much 
higher than the second peak, while for Fe3+, both peaks have almost the same height [2].  
Therefore, as shown in Fig. S1, the Fe L2,3 core loss from Fe2TiO5 has a small lower energy side 
peak for L3 and two equal height peaks for L2, consistent with Fe3+.   
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Fig. S1.  Electron energy loss spectrum for Fe2TiO5. 
 
